Stereotactic radiosurgery (SRS) refers to a single radiation treatment delivering a high dose to an intra-cranial target localized in three-dimensions by CT and/or MRI imaging. Traditionally, immobilization of the patient's head has been achieved using a rigid stereotactic head frame as the key step in allowing for accurate dose delivery. SRS has been delivered by both Cobalt-60 (Gamma Knife ® ) and linear accelerator (linac) technologies for many decades. The focus of this review is to highlight recent advances and major innovations in SRS technologies relevant to clinical practice and developments allowing for non-invasive frame SRS.
Introduction
Stereotactic radiosurgery (SRS) for indications such as brain metastases (1-5), benign brain tumors (6-8), arteriovenous malformations (9-10), and various neurologic disorders (11) (such as trigeminal neuralgia) is a well established therapeutic modality in neurosurgery and radiation oncology. In recent years, there have been rapid developments in computing and instrumentation that have revolutionized the techniques of radiation delivery, and given rise to new SRS technologies. The aim of this review is to provide a practical overview of technological advances in order to help readers appreciate the relative technical advantages in current SRS delivery systems, and is not aimed at describing the clinical evidence to support the use of SRS. This review was conceptualized due to increasing patient requests for consultations for a SRS technology as opposed to the medical indication for SRS.
Key Principles of SRS
SRS often implies a single high precision fraction of high dose radiation (typically 12-24 Gy in a one day treatment and even up to 140 Gy for radiosurgical thalamotomy) delivered to a target localized in three dimensions (3D) based on CT and/or MRI imaging. SRS treatment is an integrated process starting from patient immobilization with a stereotactic head frame, CT and/or MRI of the patient's head with the frame in-place for target localization, delineation of the target by the neurosurgeon and radiation oncologist, treatment planning and delivery.
An invasive stereotactic head frame that registers and rigidly immobilizes the patient's head to the treatment unit has historically been key to this process. The rigid head frame is fixed to the patient's skull by means of four screws, and serves to minimize errors introduced by patient positioning and movement through radiation delivery. Therefore, it reduces the need to apply safety margins for uncertainty in target localization. The frame also provides the stereotactic coordinates of the target in 3D space against an imaging reference, and positions the target site at the isocenter (mechanical center where beams converge) of the radiation delivery system. An overall accuracy of 1 mm in dose placement is mandated for any SRS system, given that such SRS doses use may injur surrounding normal brain tissue (12).
Target size limitation for SRS is approximately 3-4 cm in widest diameter. This limitation stems from the small volume of normal brain tissue immediately adjacent to the target which unavoidably receives a high dose exposure given that dose fall-off beyond the target typically ranges at 10-15% per millimeter. SRS to larger target volumes has historically translated to a prohibitive incidence of toxicity due to the larger volume of normal brain exposed to the high dose of radiation, and is therefore usually not done (13, 14) .
For small tumors adjacent to, or involving, radiosensitive organs at risk of injury, SRS may also be contra-indicated. The radiation tolerance of critical healthy brain tissue is often much less than the single fraction doses required to achieve the therapeutic goal. For example, the optic chiasm tolerance is 8-10 Gy in single fraction (15), while single fraction doses of 15-24 Gy are required for control of metastatic brain tumors (1, 16) . In these scenarios multiple radiation treatments, or "fractionation", as opposed to a single high dose treatment, is the favored strategy. Fractionated SRS typically involves 2-5 fractions, whereas fractionated stereotactic radiotherapy (SRT) typically involves 5-30 fractions (typical daily doses of 1.8-7 Gy/day) (17) (18) (19) (20) . This strategy allows the normal tissue that receives the high dose intended for the target to repair any radiation-induced damage between fractions. Radiobiologically, the tolerance of normal tissues to adverse late effects increases as the number of fractions increases provided the dose per fraction decreases.
The alternative approach of "staged SRS" is occasionally used for large targets where radiosurgery may have a biologic advantage over fractionation as in the case of arteriovenous malformations (AVM) (21). The staged approach refers to treating perhaps half the AVM nidus with single-fraction SRS, followed several months later by a second SRS session targeting the un-treated half of the nidus (22).
SRS Systems
SRS delivery systems can be broadly categorized by the method of radiation delivery as either from a series of Cobalt-60 ( 60 Co) sources (Gamma Knife ® ) or from a singlesource linear accelerator (linac).
The Gamma Knife ® (Elekta, Ab, Figure 1 ), invented by the Swedish neurosurgeon Lars Leksell (23, 24) , contains 192-201 cobalt-60 sources. Each source emits a beam of radiation, and all the beams converge to the point of intersection (isocenter) to deliver a "shot" of radiation. The Gamma Knife ® is a dedicated cranial SRS unit by virtue of its geometric design, and requires an invasive stereotactic head frame for localization and immobilization. The most recently introduced model is the Perfexion ® (Elekta, AB, Figure 2 ), and represents a major design innovation that will be a focus of this review article.
The next class of SRS system is linac-based. A linac generates a high-energy x-ray beam that can be shaped with specialized collimators, and provides sequential cross-firing, or arcing, beams directed to the target. Linac-based systems initially comprised of retrofitted, non-dedicated, conventional linacs improved mechanical accuracy and integrated software for SRS planning became commercially available. The recent additional technologic developments of micro-multileaf collimators (mMLC), on-board image guidance systems, and robotic couch positioning systems have allowed for improved mechanical accuracy in the millimeter range (25) (26) (27) . With these advances, the potential for "frameless" SRS has been realized (25) (26) (27) . Frameless SRS refers to radiosurgery delivered with the patient's head immobilized in either a relocatable head frame or a thermoplastic mask and, therefore, a frame is not invasively attached to the patient's skull. Current image-guidance systems and frameless SRS are also a focus of this review.
Various dedicated linac commercial systems with integrated solutions for image guidance and potential for frameless radiosurgery include mainly the Novalis Brain Surgery System ® (BrainLab, Heimstetten, Germany), the new Novalis TX ® system jointly marketed by both Varian and BrainLAB companies (Varian Medical Systems, Palo Alto, California, with a series of different size circular collimators, and a couch attachment for the invasive stereotactic head frame ( Figure 3 ). As SRS practice grew, dedicated high-output linacs with BrainLab, Heimstetten, Germany), the Elekta Axesse ® /Synergy S ® (Elekta, Crawly, UK), the Siemens Artiste ® (Siemens OCS, Concord, California), the TomoTherapy HI-ART ® (TomoTherapy, Inc., Madison, WI, USA), and the Varian Trilogy ® . The CyberKnife ® (Accuray, Inc., Sunnyvale, CA, USA, Figure 4 ) is a unique robotic linac that was developed specifically for frameless SRS using circular collimators and will be discussed separately (28) (29) (30) (31) . A comparison of the main technologic aspects pertinent to this review of linac based systems, the Cyberknife ® , and the Gamma Knife Perfexion ® are presented in Table I .
Gamma Knife ® SRS
The Gamma Knife ® (Elekta AB ® , Stockholm, Sweden) consists of up to 201 60 Co sources directed radially inward through beam-defining collimators to a common point of intersection ("isocenters") (32). With scores of intersecting beams centered on the target, the radiobiologically effective dose at the isocenter is very large and drops off rapidly within a few millimeters. Therefore, much of the brain receives a low dose.
Several Gamma Knife ® models based on this basic design premise have been produced over the years, and the widely used Model 4C ® (Figure 1 ) represents the latest pre-Perfexion ® model ( Figure 2) (32, 33) . Key components of most pre-Perfexion ® models consist of 201 cobalt sources, 40 cm source-to-focal point distance, four individual collimator "helmets" consisting of 201 source collimators designed for beams of 4, 8, 14, or 18 mm diameter per helmet that require manual placement, collimator plugs to block individual beams, patient positioning and monitoring devices, and a computerized treatment planning system.
The Perfexion ® (32, 33) ( Figure 2) is the most recent Gamma Knife ® model and represents a major change in the original design specifications (Table II ). In brief, the unit now contains 192 60 Co sources arranged in a cone-section configuration, and the new cone-based design (as opposed to the prior hemispherical arrangement with helmets) with independently moving sectors of collimators results in varying sourceto-isocenter distance (37.3-43.3 cm). The majority of the sources are closer to the isocenter than prior non-Perfexion ® models and results in a slightly greater dose rate for a given total source activity.
The entire Perfexion ® collimator system is embedded in the machine (Figure 2) , and is constructed from a 12-cm thick tungsten collimator array. Therefore, secondary manual collimator helmets are no longer required. During fabrication, multiple rings of collimating holes are drilled directly into the one tungsten piece creating three fixed beam sizes of 16-mm, 8-mm, and 4-mm in diameter at the isocenter. Just beyond the tungsten collimator assembly are eight sliding source sectors, each of which contains 24 sources (therefore 8 sectors x 24 sources per sector = 192 in total). This independently moving sector design allows great flexibility in the number and diameter of beams intersecting at the treatment isocenter. Each sector's collimators can all be 4 mm, 8 mm, or 16 mm, and intermediate collimator diameters are now also possible for any sector by serially superimposing different collimator sizes with different relative weights (beam-on time). This results in an unprecedented ability to shape the dose distribution. The introduction of the moving source design represents a paradigm shift in the Gamma Knife ® radiation transport system, as in all prior models the sources are encapsulated and fixed in space. Figure 5 illustrates a coronal view of a treated meningioma with the Perfexion ® .
The patient was treated with 15 Gy prescribed to the 40% isodose. One can appreciate the overall conformality of the dose distribution as the 40% isodose line (yellow) wraps around this complex shape. The shot (isocenter) menu indicates for shot (isocenter) #3 the complexity of the collimation used. This one shot combines sectors of 4, 8, and 16 mm diameter beams, in addition to sector blocking (B).
Additional advantages include the blocking feature of individual sectors that has replaced the time-consuming process of manual blocking of individual sources with metal plugs, and a larger working volume so that peripherally located brain targets can be treated more easily than with the Gamma Knife model 4C ® . Most recently, the ability to use a relocatable frame for positioning and immobilization was co-developed with Princess Margaret Hospital (Toronto, Canada), enabling therapy to be delivered over multiple fractions.
Linac-based SRS/SRT
Initially, centers in Italy, the United States, and McGill University in Canada took the lead in developing linac-based SRS. One of the key developments in linac SRS was the development of the X-Knife ® software by the Joint Center for Radiation Therapy at Harvard in December 1991. This was the first commercial 3-D SRS treatment planning platform and jointly with Varian ® the first dedicated linac system for SRS was developed.
Key linac-based features that permitted SRS deliveries were a couch-mount apparatus for a stereotactic head frame, tight tolerance for isocentric rotation, 360° of gantry rotation, and accurate photon collimators. Collimating systems found on linear accelerators did not have sub-millimeter accuracy and defined a rectangular beam portal. In order to conform the radiation beam to spherical lesions, while also sharpening the beam penumbra, secondary collimation units were mounted to the linear accelerator. These secondary beam apertures typically consisted of lead or tungsten beamdivergent collimators of various diameters that attached on an accessory tray of the linear accelerator. Treatment planning generally involves non-coplanar arcs of circularly collimated radiation beams (typically 5 to 7 arcs) which rotate about the target isocenter, with one or a few isocenters. The smallest circular collimator is typically 0.5 cm in diameter. One example of circular collimated linac SRS treatment delivered on a dedicated linac for SRS, and treatment planning with the Radionics X-Knife ® (Radionics, Tyco Healthcare Group LP, Burlington, MA) system, is provided in Figure 6 .
As previously discussed, for large targets (greater than 3-4 cm) or targets proximal to sensitive organs at risk, SRS would result in effective doses beyond tolerance and an excessive risk of damage to normal tissue. In these scenarios, stereotactic radiotherapy (SRT) is favored where linac-based systems deliver fractionated radiotherapy that abide by radiosurgical principles. Linac systems allow for SRT as a result of daily head immobilization using a non-invasive head frame, as applying an invasive frame to a patient each day is neither feasible nor practical. Non-invasive frames do not provide near-perfect rigid fixation and therefore require a small margin around the tumor volume to account for day-to-day geometric target positioning uncertainty (i.e., to minimize the chance of missing part of the target) (25, 26) . This margin results in normal brain tissue being exposed to the high total tumor dose though is tolerated due to the effects of fractionation, as opposed to the potential for toxicity associated with single fraction dose exposure. This point is illustrated clearly when considering data published by Nataf et al., who compared single fraction SRS with and without a 2 mm margin on the target volume (35). They hypothesized that an intentional 2 mm margin of normal brain tissue beyond the tumor could increase the rate of local control by treating potential microscopic disease. However, no benefit in local control was observed by applying this margin, and a statistically significant rate of severe parenchymal complications in the margin cohort (19.6%) was reported as compared to the no-margin cohort (7.1%). These data re-enforce the role of fractionation in minimizing potential toxicities when significant volumes of normal brain tissue are within the irradiated volume (typically when targets exceed 4 cm in widest diameter).
Fractionated SRT for large targets has become possible due to the ability to shape the dose distribution conformally around the large target using a mMLC. A mMLC is a device that sits in the head of the linac machine made up of 80-160 high atomic number "leaves". Leaf width for SRS systems ranges from 0.25 to 0.5 cm for current SRS systems. Each leaf can move independently in and out of the radiation field to modulate the intensity of the beam and shape the dose distribution to unprecedented levels. However, for small targets, a circular tertiary collimator often yields a more conformal distribution due to a steeper dose drop-off.
Advances in Linac SRS
Linac technology has undergone recent advances with new image guidance technologies aimed to provide greater accuracy in radiation delivery. Image-guided radiotherapy (IGRT) allows detection and correction of patient positional variations prior to treatment (set-up errors), and during treatment (intra-fractional errors). Once reliable patient immobilization and set-up is achieved, then the major challenge remaining in delivering precise SRS is detecting and correcting patient motion during beam delivery (intra-fraction motion). Onboard CT scanners (25, 26), stereoscopic kilovotage x-ray systems (29, 30, 36) , and optical tracking devices (37) are some of the current IGRT solutions that have been applied for intra-cranial SRS. The implication of this technology is greater accuracy in delivery, with the potential for safe single fraction SRS using a frameless approach.
Stereoscopic X-ray Imaging
Steroscopic x-ray imaging implies two orthogonal kilovoltage x-ray tubes that capture the bony anatomy at the level of the target. These images are compared to corresponding digitally reconstructed radiographic image from the patients CT, to Figure 6 : This figure shows a patient treated with SRT for a choroidal melanoma with linac-based SRT, and the treatment plan generated using the Radionics ® system. On the left panel is the patient immobilized in a relocatable Gill-Thomas-Cosman ® relocatable head frame adjusted to hold an eye monitoring device. The centre panel shows 5 arcs of radiation which were used to centre dose onto the target in the posterior globe. The right panel shows the isodose distribution for the patient where the 90% isodose line (orange) conforms around the target volume. This patient was treated with 70 Gy in 5 fractions. determine what shifts are required to ensure accurate delivery of the radiation in six-degrees of freedom (6-DOF refers to the 3 translational and 3 rotational DOFs around the origin of a Cartesian coordinate system).
The Cyberknife ® (Figure 4 ) uses this technology for intrafractional position verification and is a unique SRS/SRT platform specifically designed for frameless image-guided SRS/SRT (28). It consists of a small X-Band 6 MV linear accelerator mounted on a high-precision six-axis robotic arm manipulator. This technology was initially developed for intracranial (30) and spinal tumors (38-44), and has evolved into a versatile body stereotactic radiotherapy system. Several hundred narrow beams, optimized and calculated via inverse planning, deliver radiation to the tumor from a single cylindrical collimator ranging from 0.5 cm to 6 cm diameter. This system's major advantage is the unique capacity for intra-fractional near realtime imaging and allows for accurate tracking of target movement to within 1 mm clinical accuracy (45) (46) (47) . Intra-fractional imaging occurs about 50-100 times during a typical one-hour treatment. Should mis-alignment be detected during radiation delivery, the robot immediately readjusts beam direction to compensate for patient motion in each of the 6-DOF. It is this intra-fractional patient position monitoring and correction that allows the Cyberknife ® to perform intracranial SRS with the patient immobilized in a simple thermoplastic head mask (27).
CT Based IGRT
Current, non-Cyberknife ® , linac SRS dedicated systems have mainly evolved with the potential for frameless SRS by incorporating CT image guidance as opposed to stereoscopic x-ray IGRT. CT based IGRT has the advantage of 3D volumetric imaging of the target and surrounding tissues, as opposed to orthogonal x-ray imaging of bony anatomy alone.
Elekta ® pioneered the use of wide-spread CT imaging on a conventional linac by mounting a kilovoltage (kv) cone-beam CT (CBCT) imaging system perpendicular to the treatment beam (48-51). Essentially, within 1-2 minutes, a CBCT is acquired focused on the target area with the patient immobilized on the linac just prior to treatment delivery. Figure 7 demonstrates the Elekta Synergy (Elekta, Crawly, UK) linac with on-board CBCT imager and this unit is equipped with 4 mm mMLC leaves. By comparing the CT taken at the time of treatment planning to the CBCT image, any offsets are visualized and can then be corrected prior to treatment delivery. This improves the accuracy of treatment delivery (25, 26) , and an example of the potential to detect and correct mis-alignment is shown in Figure 8 .
Other forms of CT-IGRT include the CT on rails, where a separate CT scanner is in the treatment room. After the initial CT acquisition the patient is then treated on the linac within the same room (52, 53) . The new Varian Novalis TX ® Figure 7 : The Elekta Synergy ® unit currently at the University of Toronto. This unit has an on-board cone-beam CT for IGRT.
Figure 9:
The Novalis TX ® SRS system which has both cone-beam CT and stereoscopic x-ray IGRT capacity. This unit is installed at the Duke Center for Radiosurgery (North Carolina, USA). (Varian, BrainLab, Palo Alto, California) unit ( Figure 9 ) is unique in that leaf size is only 2.5 mm, and the IGRT system allows for both CBCT and stereoscopic x-ray imaging. Therefore, in addition to a pre-treatment CBCT, snap x-ray images may be taken during treatment for additional intra-fractional image guidance. The CT-IGRT solution for the Tomotherapy Hi-ART ® (TomoTherapy, Inc., Madison, WI, USA) system is based on high energy megavoltage CT imaging. The Siemens Artiste ® system (Siemens OCS, Concord, California) is unique in that it allows for both kv and high energy megavoltage cone-beam CT imaging. Megavoltage imaging does have the advantage of fewer artifacts when imaging patients with high density surgical hardware due the higher energy.
Frameless SRS
Frameless SRS has the advantage of replacing the invasive head frame with the merits of improving patient convenience and comfort, avoiding potential complications, and makes SRS more available in centers where neurosurgical support is not available. Key to this potential is the ability to maintain the overall millimeter precision in dose delivery to avoid normal tissues being exposed to the high dose of radiation, and this is may be achieved with image-guidance.
With the Cyberknife ® data are emerging for patients treated with frameless single fraction intra-cranial SRS indicating promising preliminary control rates (29, 30, 36) . Murphy et al., recently reported an elegant study that highlights the potential for image-guidance to allow for safe SRS practice without an invasive head frame based on data from 250 cranial patients (517 cranial movement records). They report a reduction in the required margin for reliable target coverage down to 1.2 mm with the use of the Cyberknife intra-fractional imaging x-ray system with serial beam re-positioning during treatment, as compared to 4.4 mm should no corrections be made during radiation delivery (27) . Patients in this study were immobilized in a simple thermoplastic head mask (27).
With CBCT-IGRT, data are also beginning to emerge to show the feasibility of non-invasive frame single fraction treatments with the linac. Guckenberger et al., show an average intra-fractional 3D error of 0.9 + 0.6 mm, and an average intra-fractional rotation error <1° (25). In this analysis, 17 patients were treated with single fraction SRS, however, tumor control outcomes have not yet been reported (54). Masi et al., also report on non-invasive frame SRT using CBCT-IGRT. They report an intra-fractional translational error of 0.2 + 0.6 mm, 0.1 + 0.6 mm, and 0.3 + 0.6 mm in the x, y, and z axis. These data indicate that with CBCT-IGRT, non-invasive SRS is technically feasible, and we await tumour outcome data. With respect to 6-DOF corrections it is important to note that with the Cyberknife it is the robotic arm repositioning the linac to compensate for 6-DOF alignments. For linac systems, robotic couches with 6-DOF motion allowing for fine 6-DOF patient position corrections have emerged. The Hexapod EVO (Medical Intelligence, Schwabmuenchen, Germany) and the ExacTRAC (Varian Medical Systems, Palo Alto, California, BrainLab, Heimstetten, Germany) couches are examples of couches widely in use.
Quality Assurance
Each SRS system requires exhaustive quality assurance testing to ensure accurate functionality of each component in the chain of the SRS process. Although beyond the scope of this review, this check should include the delivery system, the planning system, the imaging systems and the immobilization systems. Both hardware and software should be checked and validated periodically by the medical physicists to ensure safe accurate delivery.
Conclusion
SRS delivery systems have evolved considerably. The aim of this review is to provide insight into the technologies currently available for SRS. At this point, use of a rigidly fixed stereotactic head frame to the patient's skull for single fraction SRS is considered by some practitioners to represent the standard of care. The potential for non-fixed head frame based SRS with new linac SRS systems via image guidance is an area of active investigation.
